Myosin VI moves towards the minus end of actin filaments unlike all the other myosins so far studied, suggesting that it has unique properties and functions. Myosin VI is present in clathrin-coated pits and vesicles, in membrane ruffles and in the Golgi complex, indicating that it has a wide variety of functions in the cell. To investigate the cellular roles of myosin VI, we have identified a variety of myosin VI-binding partners and characterized their interactions. As an alternative approach, we have studied the in vitro properties of intact myosin VI. Previous studies assumed that myosin VI existed as a dimer but our biochemical characterization and electron microscopy studies reveal that myosin VI is a monomer. Using an optical tweezers force transducer, we showed that monomeric myosin VI is a non-processive motor with a large working stroke of 18 nm. Potential roles for myosin VI in cells are discussed.
Introduction
Since movement is such a vital part of life at every level, eukaryotic cells have developed highly specialized methods of transport and movement to function as efficiently as possible. For example, vesicles, small organelles, multiprotein complexes and even RNA are rapidly moved between different compartments within cells using a variety of specific myosin, kinesin and dynein motor proteins moving along networks of actin filaments and microtubules. A multitude of motor proteins have thus evolved, each designed to carry specific cargoes under precise regulatory control to distinct cellular compartments. It has been proposed that long distance transport of intracellular cargo is mediated by kinesins and dyneins moving along microtubule tracks, whereas shortrange transport involves the myosins moving along the actin filament network [1] .
All myosins contain an N-terminal motor domain that binds and moves along actin filaments driven by ATP hydrolysis, a neck region (lever arm) that binds light chains or calmodulin and a highly variable tail domain that binds cargo and contains the cellular targeting information [2] . Phylogenetic analyses based on a comparison of their motor domain sequences have grouped the myosins into 18 distinct classes [3, 4] . We have focused on the class VI myosins, which move towards the minus end of actin filaments in the opposite direction to all the other myosins so far characterized [5] .
of which bind calmodulin [6] and a multidomain tail with a C-terminal cargo-binding region ( Figure 1 ). Using antibodies raised against different tail domains, we have shown that endogenous myosin VI is localized at the plasma membrane, especially in membrane ruffles at the leading edge of the cell, in clathrin and uncoated vesicles distributed throughout the cell and in the Golgi complex [7] . Green fluorescent proteintagged myosin VI expression has confirmed these cellular localizations [8] (see Figure 2 ). To gain insights into the roles of myosin VI in these locations, we have used a variety of approaches.
Myosin VI-binding partners
First of all, we employed yeast and mammalian two-hybrid screens to identify myosin VI-binding proteins [9, 10] . We used the myosin VI tail domain, which is the region involved in cargo binding, as bait to screen a human umbilical vein epithelial cell cDNA library for interacting proteins. In a parallel approach to identify proteins that associate with myosin VI in vivo, we used myosin VI tail antibodies to coimmunoprecipitate myosin VI-containing complexes from cells. The protein components in these complexes were identified by matrix-assisted laser-desorption ionization peptide mass mapping and Q-time-of-flight MS [11] .
The myosin VI-interacting proteins so far identified are being further tested and characterized by a battery of cell and molecular biological techniques (including cellular co-localization, co-immunoprecipitation, in vitro and in vivo binding and transport assays, RNAi 'knock-downs' and mouse transgenics). They can be approximately divided into three groups corresponding to the previously observed cellular locations of myosin VI, e.g. at the plasma membrane, DAB-2 (disabled 2) and GIPC (signalling/receptor binding/endocytic proteins) together with myosin VI are involved in the specific steps in receptor-mediated endocytosis [8, 10, 12] . 
Myosin VI knockout mouse
As another approach to elucidate its function, we have used the myosin VI 'knockout' mouse [Snell's waltzer (sv) mouse] [13] . Up to now, this mouse has been used primarily as a model for human deafness. Stable fibroblastic cell lines were, therefore, prepared from this sv mouse and when compared with cells from a wild-type mouse the most significant differences were a 40% reduction in the size of the Golgi complex and a 40% decrease in the level of secretion from the Golgi to plasma membrane [14] . When full-length myosin VI,
Figure 2 Co-localization of myosin VI and actin filaments in fibroblastic cells
Myosin VI is localized in membrane ruffles at the leading edge of the cell where it co-localizes with actin; it is also associated with membrane vesicles distributed throughout the cell, especially in the perinuclear region around the Golgi complex. Myosin VI is not associated with the large actin cytoskeletal networks. Myosin VI was localized with an antibody against the phosphorylated Thr-406 residue in the motor domain and the F-actin with rhodamine-phalloidin.
but not the non-functional tail, domains were overexpressed in these sv cells both Golgi morphology and secretion were rescued to wild-type levels [14] . Thus, in the Golgi complex, myosin VI may link the Golgi stacks to the surrounding actin cytoskeleton to maintain their characteristic morphology and may also be involved in vesicle formation and/or sorting of proteins/receptors into vesicles and their short-range transport to specific cellular destinations.
Myosin VI regulation
At present, we know very little about how myosin VI is regulated. However, since it is the only myosin so far identified as moving towards the minus end of actin filaments and given its wide range of cellular locations and potential functions, it must be tightly regulated so that it is only active when and where it is required in the cell. Although our early studies [7] indicated that after growth factor (epidermal growth factor) stimulation of epithelial cells myosin VI was recruited into membrane ruffles at the leading edge of the cell and there was a 3-4-fold increase in phosphorylation in the motor domain, our recent mutatagenesis studies on the suspected phosphorylation site Thr-406 (with the Thr mutated to Ala or Glu to mimic the non-phosphorylated and phosphorylated states respectively) have failed so far to demonstrate any obvious effect on myosin VI activity in vivo.
Phosphorylation at Thr-406 located in a strategic loop (cardiomyopathy loop) involved in actin binding in the motor domain may play a subtle role 'fine tuning' myosin VI-actin filament-cytoskeleton interactions in the cell (Figure 2 ). Using MS, we have identified two additional phosphorylation sites in the tail domain of myosin VI, which may regulate interaction with its binding partners. We are currently mapping the binding sites for DAB-2 and other binding proteins on the globular tail domain. Interestingly, myosin VI has a large and a small insert in the tail domain and exists in four alternatively spliced isoforms with large, small, both or no inserts in their tail domains [8] . The myosin isoform with the large insert is required for targeting to the apical surface in polarized cells, whereas those isoforms with the small or no insert appear to be involved in vesicle transport in non-polarized cells [8] .
What type of motor is myosin VI?
To perform its multifunctional roles in the cell, what type of motor would myosin VI need to be? When myosin VI was first cloned and sequenced it was assumed to be a dimer with two heads (motor domains) because it contained a region in its tail that was predicted to form a coiled coil [15, 16] . Most of the in vitro-motility studies until recently have thus been performed on myosin VI artificial dimers, where dimerization has been ensured by the presence of either a C-terminal leucine zipper or smooth-muscle myosin II rod domain [17, 18] . The important 'cargo-binding' tail was also missing in these myosin VI constructs. To determine the properties of the unmodified full-length myosin VI, we expressed and purified it using the insect/baculovirus system [19] . Unexpectedly, it behaved as a stable monomer on gel filtration and sucrose density-gradient centrifugation. Native myosin VI in cytosol extracted from NRK fibroblast cells behaves identically to the expressed protein and is a monomer. Crosslinking studies with the zero length cross-linker EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodi-imide] confirmed that both the native and expressed myosin VI are monomers [19] . Perhaps the most convincing evidence that myosin VI exists as a monomer is its visualization in the electron microscope after negative staining. Single-particle image processing of the molecules showed a large globular region that is presumed to be the motor domain, followed by a smaller region that could be the neck region with its bound calmodulins and then another even smaller region presumably the tail of the myosin (Figure 3 ). In the presence of ATP, the molecules are straight with an overall length of approx. 17 nm, whereas in the absence of nucleotide the apo molecules appear to be 20% shorter and have a strongly bent neck-tail region, which may be folded under the molecule [19] .
Single-molecule properties of myosin VI
When our full-length myosin VI was anchored to the surface of a flow cell in an in vitro sliding filament motility assay using antibodies directed against the tail region, the actin sliding velocities measured (∼70 nm/s) [19] were comparable with those previously reported for other myosin VI single motor domain constructs [20] . Preliminary results at ever- decreasing myosin VI concentrations were consistent with the behaviour of a non-processive motor [21] . The interactions of single molecules of myosin VI with F-actin were measured using an optical tweezers-based force transducer [22] and a working stroke of approx. 18 nm was determined [19] . When the single interactions of myosin VI with F-actin (attachment events) were averaged [22, 23] , it showed that myosin VI has a two-step working stroke; the first step of approx. 17 nm is associated with phosphate release and the second step of approx. 1 nm is associated with ADP release leading to the apo (nucleotide-free) rigour state. How can myosin VI with a single motor domain and a small lever arm produce such a large working stroke? If only the classical lever arm mechanism is involved [24] , such a large working stroke is difficult to explain since myosin VI with a putative lever arm composed of one IQ motif and the unique 53 residue insert would only be capable of generating a lever arm movement of approx. 6-8 nm. We have thus proposed a model [19] where the size of the working stroke of monomeric myosin VI depends not only on the length of the lever arm but also on the orientation and rotation of the lever arm relative to the actin filament. Cryo-electron microscopic/image reconstruction studies on myosin VI bound to actin in ADP and in rigor [5] and the sharply bent appearance of the lever arm/tail region in the electron microscopic images of myosin VI in rigor [19] provide preliminary structural evidence to support our model. However, at this stage this model to explain the step size of myosin VI is speculative and needs confirmatory evidence.
Is myosin VI a monomer in vivo?
All our studies to date indicate that myosin VI is a monomer (Figure 3) . However, when artificial dimeric myosin VI constructs were tested in single-molecule mechanical experiments, processive movements with a large step size of approx. 30 nm were observed [17, 18, 25] . This raises the intriguing possibility that myosin VI may be able to function as a non-processive monomer and as a processive dimer in vivo. It is conceivable that myosin VI binding to one of its binding partners or a post-translational modification of myosin VI such as phosphorylation might cause it to reversibly switch between active monomer and dimer states. The idea that the oligomeric state of a motor protein might be controlled either by binding partners or through intracellular localization on a lipid membrane has been experimentally explored using the Kif1/Unc104 kinesin family [26] . A similar scenario might be envisaged for myosin VI, e.g. during endocytosis when myosin VI is bound to the plasma membrane by its binding partners Dab2 or GIPC [10, 12, 27] and is first recruited into clathrin-coated pits, then to budding and finally to internalized vesicles where it may localize in sufficient concentrations to dimerize through a part of its helical tail domain. The ability to control whether myosin VI exists in a monomer or dimer state might be an important way for regulating the multiple functions of myosin VI in the cell. For example, could it be a non-processive monomer (single motor domain) that could pull on a membrane or cluster membrane receptors or tether vesicles or it could be a processive dimer with two motor domains, which could 'walk' along the actin filament network below the plasma membrane or around organelles such as the Golgi complex and transport vesicles to specific cellular destinations? [28] Together with the emerging data on the characterization of myosin VI and its binding partners, the recent development of novel tools and reagents to probe the behaviour of single motor molecules in vitro and within the cell should aid our understanding of how this intriguing motor works.
